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ABSTRACT
We present cosmological constraints from a joint cosmic shear analysis of the Kilo-Degree Survey (KV450) and the Dark Energy
Survey (DES-Y1), conducted using Complete Orthogonal Sets of E/B-Integrals (COSEBIs). With COSEBIs we isolate any B-modes
which have a non-cosmic shear origin and demonstrate the robustness of our cosmological E-mode analysis as no significant B-
modes are detected. We highlight how COSEBIs are fairly insensitive to the amplitude of the non-linear matter power spectrum at
high k-scales, mitigating the uncertain impact of baryon feedback in our analysis. COSEBIs, therefore, allow us to utilise additional
small-scale information, improving the DES-Y1 joint constraints on S 8 = σ8(Ωm/0.3)0.5 and Ωm by 20%. Adopting a flat ΛCDM
model we find S 8 = 0.755+0.019−0.021, which is in 3.2σ tension with the Planck Legacy analysis of the cosmic microwave background.
Key words. gravitational lensing: weak, methods: data analysis, methods: statistical, surveys, cosmology: observations
1. Introduction
Cosmic shear is one of the primary probes for many current
(KiDS1, DES,2 and HSC3) and future (Euclid4, LSST5 and
WFIRST6) cosmological surveys, since gravitational lensing
probes the matter distribution directly and thus does not re-
quire the use of biased tracers such as galaxy positions (Kil-
binger 2015). Cosmic shear analysis is, however, not without
its own challenges. For example, inaccuracies in the data pro-
cessing pipeline can result in systematic biases that mimic the
signal (e.g. Hoekstra 2004). There are also challenges on the
theoretical side of the analysis, such as the intrinsic alignment of
galaxies which have a similar shape to a cosmic shear signal (e.g.
Joachimi et al. 2015) and the modelling of small scales which de-
pend on baryon feedback processes (e.g. Semboloni et al. 2011).
In addition, the redshift distribution of galaxies needs to be cal-
ibrated accurately to avoid systematic shifts in the inferred cos-
mological parameters (e.g. Van Waerbeke et al. 2006).
One of the primary robustness tests for cosmic shear stud-
ies is to check that the cosmic shear data contain no significant
? E-mail: ma@roe.ac.uk
1 Kilo Degree survey: http://kids.strw.leidenuniv.nl/
2 Dark Energy Survey: www.darkenergysurvey.org
3 Hyper-Suprime Camera Survey: hsc-release.mtk.nao.ac.jp
4 Euclid mission: www.euclid-ec.org
5 The Large Synoptic Survey Telescope: www.lsst.org
6 Wide Field Infrared Survey Telescope: www.nasa.gov/wfirst
B-modes. Gravitational lensing only produces E-modes, while
unaccounted systematics in the data can produce both E and B-
modes. We can therefore use B-modes to assess the quality of
the data. The primary statistics used in the cosmic shear anal-
yses of KiDS (Kilo Degree Survey; Hildebrandt et al. 2017,
2019), DES (Dark Energy Survey; Becker et al. 2016; Troxel
et al. 2018b), DLS (Deep Lens Survey; Jee et al. 2016), and
CFHTLenS (Canada France Hawaii Telescope Lensing Survey;
Heymans et al. 2013) are the shear two-point correlation func-
tions (2PCFs), ξ± (Kaiser 1992). These two-point statistics mix
E/B-modes and are therefore ill-suited for detecting systemat-
ics that introduce B-modes. In this paper we will advocate the
use of COSEBIs (Complete Orthogonal Sets of E/B-Integrals;
Schneider et al. 2010) which are designed to cleanly separate
E/B-modes from ξ± measured on a finite angular range, while
maintaining all E/B-mode information, and show how we can
use them to mitigate the effects of baryon feedback in the analy-
sis. Similar to ξ±, COSEBIs are unaffected by masking, as long
as the masks are uncorrelated with the matter distribution. This
simplifies the analysis compared to other estimators, such as
pseudo-C` methods (see, for example, Hikage et al. 2011; As-
gari et al. 2018), which were used as the primary statistic in HSC
(Hikage et al. 2019).
COSEBIs were used in non-tomographic analyses of
CFHTLenS (Kilbinger et al. 2013) and SDSS (Sloan Digital Sky
Survey; Huff et al. 2014). In this work we present the first tomo-
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graphic analysis of cosmic shear data with COSEBIs, and place
constraints on cosmological parameters. We measure COSEBIs
with the first 450 deg2 of data from KiDS including overlapping
data from the VISTA infrared galaxy surveys (KiDS+VIKING-
450: KV450; Wright et al. 2018) as well as the first year of data
from the Dark Energy Survey (DES-Y1; Drlica-Wagner et al.
2018; Zuntz et al. 2018).
Although COSEBIs were originally designed to completely
separate E/B-modes, they have many more advantages over other
statistics used in cosmic shear analysis, in particular 2PCFs.
While ξ± are continuous functions of the angular scale, θ, for
analysis and measurement purposes ξ± are binned in θ to re-
duce the number of data points. The binning of 2PCFs can affect
both the theoretical predictions (Troxel et al. 2018a; Asgari et al.
2019) and the covariance of ξ±, which has not been accounted
for so far. COSEBIs have discrete and well-defined modes, and
therefore do not suffer from these complications. In addition, the
first few modes of COSEBIs are sufficient for capturing the full
information in a cosmological analysis. They therefore provide a
natural form of data compression per pair of redshift bins (Asgari
et al. 2012). When the data are divided into many redshift bins,
complementary data compression methods can also be applied
(see for example, Asgari & Schneider 2015).
Given a fixed angular range, COSEBIs are significantly less
sensitive to small scale physical effects compared to ξ±, as we
will show in this paper. These scales are affected by baryon
feedback processes, which are challenging to model, since they
depend on our understanding and ability to simulate compli-
cated physics. Hydrodynamical simulations have been used in
conjunction with a halo-model analytical approach to account
for the effect of baryon feedback on the matter power spectrum
(Mead et al. 2015); however, these simulations give differing re-
sults based on their underlying assumptions and subgrid physics
(Chisari et al. 2018). As a result, the theoretical predictions for
scales affected by baryon feedback are less reliable. For cosmic
shear analyses baryon feedback has so far either been modelled
and marginalised over using the halo model (Hildebrandt et al.
2019, H19 hereafter) or single parameter fits to simulations (Hik-
age et al. 2019) or scale cuts have been applied to the measure-
ments to minimise its effects (Troxel et al. 2018b, T18 hereafter).
In this paper, we show that COSEBIs are significantly less sen-
sitive to baryon feedback in comparison to 2PCFs. This allows
us to confidently include small angular scale information, previ-
ously excluded from the T18 analysis of the DES-Y1 data, re-
sulting in improved constraints.
Cosmic shear data from both KV450 and DES-Y1 are pub-
licly available. These datasets have no overlapping regions, such
that the cross-covariance between the surveys can be neglected,
allowing for a simple joint analysis of these two surveys. The
cosmic shear analyses of both of these surveys yielded consis-
tent, but smaller, S 8 ≡ σ8(Ωm/0.3)0.5 values than the Planck
Legacy analysis of the cosmic microwave background (Planck
Collaboration et al. 2018). It is therefore interesting to ask
whether any tension between these two probes increases if we
combine KV450 and DES-Y1. Recently, Joudaki et al. (2019)
carried out a joint analysis of KV450 and DES-Y1 using 2PCFs.
They incorporated a spectroscopic calibration for the redshift
distributions of galaxies and a consistent set of priors. Joudaki
et al. (2019) found an S 8 value that is in tension with Planck by
2.5σ. Here we follow the same procedure for combining these
surveys, using COSEBIs instead of 2PCFs. Our fiducial analysis
also adopts the alternative spectroscopic calibration approach for
the DES-Y1 redshift distributions.
This paper is organised as follows: Sect. 2 introduces 2PCFs
and COSEBIs as well as a comparison between these two statis-
tics. In Sect. 3, we briefly present the KV450 and DES-Y1 data
and our analysis pipeline. In Sect. 4 we show the results of the
cosmological analyses of these datasets and their combination.
We conclude in Sect. 5. Details of the analytical covariance ma-
trix of COSEBIs is described in Appendix A. Appendix B shows
the constraints on the full sets of cosmological parameters that
we have sampled.
2. Methods
In this paper we focus on the use of COSEBIs in cosmic shear
analysis and compare it to shear two-point correlation functions
(2PCFs), which have been the primary statistics used in most
cosmic shear surveys to date. In the following sections we briefly
define 2PCFs and COSEBIs, their estimation methods, and theo-
retical modelling. We then compare the sensitivity of 2PCFs and
COSEBIs to different Fourier scales. The covariance of COSE-
BIs is derived in Appendix A.
2.1. Shear two-point correlation functions
Shear two-point correlation functions are defined as the corre-
lation between the shear estimates of two galaxies at a given
angular separation, θ, on the sky. The shear 2PCFs commonly
employed in cosmic shear analysis are defined as
ξ±(θ) = 〈γtγt〉(θ) ± 〈γ×γ×〉(θ) , (1)
where γt is the tangential and γ× is the cross-component of the
shear and the angular brackets denote an ensemble average over
all pairs of galaxies with an angular distance equal to θ. Galax-
ies have an intrinsic ellipticity associated with them, which is
distorted as a result of gravitational lensing by intervening mat-
ter. An unbiased and noise-free measurement of the observed
ellipticity is therefore equal to a combination of their shear and
intrinsic ellipticity. The estimator for the shear 2PCFs in Eq. (1)
is given by
ξˆ±(θ) =
∑
ab wawb [t(xa)t(xb) ± ×(xa)×(xb)]∑
ab wawb(1 + ma)(1 + mb)
, (2)
where t(xa) and ×(xa) are the tangential and cross components
of the measured ellipticity for a galaxy at position xa defined
with respect to the line connecting the pair of galaxies at xa and
xb . The sum extends over all galaxies with |xa−xb|within the an-
gular bin, θ. In Eq. (2), w and m are the weight and multiplicative
bias associated with each galaxy, respectively. The multiplicative
bias correction is applied here because, in practice, measuring
the shapes of galaxies in the presence of noise results in a biased
estimate (Melchior & Viola 2012). This bias can be calibrated
using image simulations, as it was for the KV450 data (Kan-
nawadi et al. 2019) or from the dataset itself using metacalibra-
tion (see Sheldon & Huff 2017). In the latter case the weights are
all set to unity and the factors of (1 + m) in Eq. (2) are replaced
by the response of the measurement method to shear. Note that
even in the case of metacalibration, the response correction may
not correct for all of the systematics in the shear measurement
and therefore an extra m-bias correction may have to be applied
(Zuntz et al. 2018). The multiplicative bias correction can also
be applied to an ensemble of galaxies, once their binning and
weighting is applied, as a single m-bias value per galaxy group-
ing (for example per redshift bin).
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The expectation of the shear 2PCFs can be derived using
their relation to the 2D convergence power spectrum, Pκ(`):
ξ±(θ) =
∫ ∞
0
d` `
2pi
J0/4(`θ) Pκ(`) , (3)
where J0/4 are the zeroth and fourth-order Bessel functions of the
first kind. Assuming a modified Limber approximation (Loverde
& Afshordi 2008; Kilbinger et al. 2017) we can relate Pκ(`) to
the 3D matter power spectrum, Pδ, for redshift bins i and j,
Pi jκ (`) =
9H40Ω
2
m
4c4
∫ χh
0
dχ
gi(χ)g j(χ)
a2
Pδ
(
` + 1/2
fK(χ)
, χ
)
, (4)
where H0 is the Hubble parameter, Ωm is the matter density pa-
rameter, c is the speed of light, χ is the comoving distance, χh
is the comoving distance to the horizon, fK(χ) is the comoving
angular diameter distance, and
gi(χ) =
∫ χh
χ
dχ′ piχ(χ
′)
fK(χ′ − χ)
fK(χ′)
, (5)
where piχ is the probability density of sources in comoving dis-
tance for redshift bin i.
The observed ellipticity field does not correspond to a phys-
ical convergence field in general (when curl modes are present).
We therefore expect to have both E and B-mode power spectra
in the field. In the absence of systematics in the data, however,
we expect to find B-modes to be consistent with zero7, allow-
ing B-modes to be used to assess the credibility of the data (see
for example Hoekstra 2004; Kilbinger et al. 2013; Asgari et al.
2017, 2019; Asgari & Heymans 2019). Shear 2PCFs mix E and
B-modes:
ξ±(θ) =
∫ ∞
0
d` `
2pi
J0/4(`θ)[PE(`) ± PB(`)] , (6)
where PE(`) and PB(`) are the E and B-mode power spectra,
respectively. Therefore, ξ± cannot be used for B-mode based di-
agnostics of shear systematics.
2.2. COSEBIs
COSEBIs8 are designed to separate E/B-modes cleanly and com-
pletely over a finite angular range (Schneider et al. 2010). They
achieve this in an efficient manner, where only a few COSEBI
modes are required to capture essentially the full cosmologi-
cal information contained within a dataset. In this analysis we
use the first 5 COSEBI modes in accordance with the results of
Asgari et al. (2012). COSEBIs are defined as integrals over the
2PCFs,
Ei jn =
1
2
∫ θmax
θmin
dθ θ [T+n(θ) ξ
i j
+ (θ) + T−n(θ) ξ
i j
− (θ)] , (7)
Bi jn =
1
2
∫ θmax
θmin
dθ θ [T+n(θ) ξ
i j
+ (θ) − T−n(θ) ξi j− (θ)] ,
7 Effects such as source clustering (Schneider et al. 2002b), contribu-
tions beyond Born approximation (Schneider et al. 1998), exotic cosmo-
logical models (see for example Thomas et al. 2017) and tidal intrinsic
alignment models (e.g. Blazek et al. 2015) can produce B-modes. They
are of a level, however, that can currently be neglected.
8 We use logarithmic COSEBIs throughout this paper, which are the
more efficient of the two families of COSEBIs for a cosmological anal-
ysis.
where T±n(θ) are complete sets of filter functions defined such
that they cleanly separate E/B-modes and remove all ambigu-
ous modes which cannot be uniquely defined as either E or B.
These filters are zero outside of their support (see Fig. 1 in As-
gari et al. 2019). We use a discrete form of Eq. (7) to estimate
COSEBIs from the measured values of 2PCFs (Eq. 2). The theo-
retical predictions for COSEBIs can also be calculated from the
convergence power spectra,
Ei jn =
∫ ∞
0
d` `
2pi
Pi jE (`)Wn(`) , (8)
Bi jn =
∫ ∞
0
d` `
2pi
Pi jB(`)Wn(`) ,
where Wn(`) are the Hankel transforms of T±n(θ),
Wn(`) =
∫ θmax
θmin
dθ θ T+n(θ)J0(`θ) ,
=
∫ θmax
θmin
dθ θ T−n(θ)J4(`θ) . (9)
The Wn(`) are oscillatory functions that peak near 2pi/θmax and
reach zero at small and large values of ` (see Fig. 2 in Asgari
et al. 2012).
2.3. Comparison of 2PCFs and COSEBIs
In this section we explore the dependence of 2PCFs and COSE-
BIs on the convergence power spectrum at different multipoles,
`. The left panels of Fig. 1 show the integrands in Eqs. (3) and
(8) that translate the convergence power spectrum, Pκ(`), into ξ±
and COSEBIs, respectively. Here and in the rest of this paper we
assume that PB(`) vanishes and set Pκ(`) = PE(`). From top to
bottom the panels denote ξ+, ξ− and En. The integrands for ξ± are
shown for three angular distances: 0.5′ (solid red), 10′ (dashed
blue), and 300′ (dotted black). For COSEBIs we show three
modes: n = 1 (solid red), n = 2 (dashed blue), and n = 5 (dotted
black), all of which use the angular range of [0.5′, 300′]. This is
the angular range employed for the KV450 primary cosmic shear
analysis (H19), which also encompasses the range used by DES
in T18. The amplitudes of the integrands are normalised with
respect to their maximum values. The convergence power spec-
trum corresponds to the auto-correlation of the highest redshift
bin used in the KV450 analysis while the cosmological parame-
ters are those of its best fitting ΛCDM model. This figure shows
that the region in ` over which the integrand is significantly non-
zero is smaller for COSEBIs compared to either ξ+ or ξ−, which
demonstrates that COSEBIs are more robust against systematics
that affect either small or large `-scales.
The reduced dependence of COSEBIs on high multipoles of
the convergence power spectrum is illustrated in the right hand
panels of Fig. 1, which show the sensitivity of ξ+ (top), ξ− (mid-
dle), and En (bottom) to baryon feedback. The vertical axes show
the fractional difference between a baryon feedback and a dark
matter-only model for three baryon feedback cases. We use HM-
Code9 (Mead et al. 2015) to model the feedback and vary its free
parameter, Abar10, to produce a low feedback case with Abar = 3
(blue), a medium feedback case with Abar = 2 (orange), and
a high feedback case with Abar = 1 (red). Note that the dark
9 The baryon feedback in HMCode is calibrated against OverWhelm-
ingly Large Simulations (OWLS; van Daalen et al. 2011).
10 For a single parameter baryon feedback model the ’halo bloating’
parameter is coupled to Abar via η = 0.98 − 0.12Abar.
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Fig. 1. Comparison between ξ+, ξ− and COSEBIs En. Left: Integrands are shown for three angular distances, θ, for ξ+, ξ− and three modes for En
defined over the θ-range [0.5′, 300′]. All integrands are normalised by their maximum value. Right: Sensitivity of ξ± and En to baryon feedback.
Three baryon feedback cases from HMCode are shown with different feedback parameters, High: Abar = 1, Mid: Abar = 2 and Low: Abar = 3. All
curves are normalised with respect to the dark matter only case with a baryon feedback of Abar = 3.13. The grey shaded regions show the error
bars for KV450. The ξ± errors are shown for the 9 logarithmic bins used in the KV450 analysis. The arrows show which scales were used in the
primary KV450 (H19) and DES-Y1 analyses (T18).
matter-only case corresponds to Abar = 3.13. The error on the
measurements is shown as the grey region, assuming the auto-
correlation of the highest redshift bin in KV450. The arrows in
the upper panels show which angular ranges were used in H19
and T18.
Fig. 1 shows how baryon feedback introduces significant
suppression in the ξ+(ξ−) signal by up to 30% (40%) on scales
used in the KiDS analysis (see also Semboloni et al. 2011). Here
we show the effect of baryon feedback on the autocorrelation
of the highest tomographic bin for KV450. Galaxies in this bin
are on average at a higher redshift compared to the lower tomo-
graphic bins and hence a given `-scale for the fifth bin probes
larger physical scales compared to the other bins. As a result the
signal in this tomographic bin is less affected by baryon feedback
compared to the same angular scales measured for a lower red-
shift bin. In terms of signal-to-noise, however, the baryon feed-
back contribution to this bin is the most significant compared
to all autocorrelated redshift bins. In the lower right hand panel
of Fig. 1 we show that COSEBIs signals for [0.5′, 300′] are af-
fected by baryon feedback by at most 3%. Choosing COSEBIs
therefore mitigates against much of the uncertainty in the baryon
feedback modelling, increasing the robustness of the analysis.
In H19 baryon feedback suppression was modelled using
HMCode with an informative prior on Abar and a small scale cut
of ∼ 4.2′ for ξ−. T18 took a more conservative approach of ex-
cluding most of the small-scale information from their analysis,
selecting angular scales considered to be unaffected by baryon
feedback by excluding θ-scales that are affected by Baryon feed-
back by more than 2% when comparing the dark matter only
signal to the OWLS AGN simulations. The feedback intensity
of these simulations lies somewhere in between the low and
medium feedback cases shown. If we apply the T18 2% effect
criteria, we can conclude that the angular scale cuts advocated
by T18 are no longer necessary to apply when using COSEBIs.
3. Data and analysis pipeline
We measure COSEBIs on two sets of public data: KV450 and
DES-Y1, and fit a flat ΛCDM model to these datasets. We are
interested in constraints on Ωm, the matter density parameter,
σ8, the standard deviation of present day linear matter perturba-
tions in a sphere of radius 8 h−1 Mpc, and S 8 = σ8(Ωm/0.3)0.5, a
combination of parameters that the cosmic shear signal is most
sensitive to.
We use CosmoSIS (Zuntz et al. 2015), a modular cosmolog-
ical parameter estimation code, modified to include modelling
of the nonlinear power spectrum using the halo-model formal-
ism of Mead et al. (2015, HMCode) and the COSEBIs pipeline
(Eqs. 8, 9 and A.7). Posteriors are derived using the emcee sam-
pler (Foreman-Mackey et al. 2013)11 and the MultiNest sampler
(Feroz et al. 2013).
The linear power spectrum is calculated with camb (Lewis
et al. 2000; Howlett et al. 2012) and either HMCode (H19 setup)
or Takahashi et al. (2012) (T18 setup) are used to predict the
11 emcee.readthedocs.io
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Table 1. Cosmological parameters and priors used in H19 (Hildebrandt
et al. 2019) and T18 (Troxel et al. 2018b) setups. The first column shows
the parameter and the second and third show the prior range adopted by
KiDS and DES, respectively. Flat priors are indicated in square brack-
ets, showing the edges of the prior and the Gaussian priors are shown as
the mean ± the standard deviation on the parameter. The first 10 are cos-
mological parameters: As is the amplitude (defined at k0 = 0.05 Mpc−1)
and ns is the spectral index of the primordial power spectrum. Ωb, Ωm,
and ΩCDM are the density parameters for baryonic, total and cold dark
matter, respectively, while Ων is the neutrino density parameter. Finally
h is the dimensionless Hubble parameter. The next three parameters are
the amplitude, AIA and redshift evolution, ηIA, parameters for the in-
trinsic alignment of galaxies and the baryon feedback parameter Abar
(called B in H19). The final set of parameters capture the systematic
effects, where mi is the multiplicative shear bias, σm is the dispersion
of mi and ∆zi is the additive shifts in redshift distributions for each bin.
In the H19 setup the effect of m is applied to the data and its error is
added to the covariance matrix (see Eq. A.11). Ac is the amplitude of
the 2D additive bias explained in H19. The model used to evolve the
non-linear matter power spectrum is shown in the last row.
Parameter H19 T18
As − [5 × 10−10, 5 × 10−9]
ln(1010As) [1.5, 5.0] −
ns [0.7, 1.3] [0.87, 1.07]
Ωb − [0.03, 0.07]
Ωbh2 [0.019, 0.026] −
Ωm − [0.1, 0.9]
ΩCDMh2 [0.01, 0.99] −
Ωνh2 − [0.0006, 0.01]
Ων 0.00131 −
h [0.64, 0.82] [0.55, 0.9]
AIA [−6, 6] [−5, 5]
ηIA 0 [−5, 5]
Abar [2, 3.13] None
mi − 0.012 ± 0.023
σm 0.02 −
∆z1 0.0 ± 0.039 0.001 ± 0.016
∆z2 0.0 ± 0.023 −0.019 ± 0.013
∆z3 0.0 ± 0.026 0.009 ± 0.011
∆z4 0.0 ± 0.012 0.018 ± 0.022
∆z5 0.0 ± 0.011 −
Ac 1.01 ± 0.13 0
Non-linear model Mead et al. (2015) Takahashi et al. (2012)
non-linear evolution of the matter power spectrum. A Limber
approximation according to Eq. (4) is then applied to the mat-
ter power spectrum to obtain the convergence power spectrum.
The effect of the intrinsic alignment of galaxies is added to the
predictions using the Bridle & King (2007)12 model. The param-
eters and priors used in our analysis are shown in Table 1 for two
setups: H19 and T18 referring to the setups used in Hildebrandt
et al. (2019) and Troxel et al. (2018b), respectively. We use H19
as our fiducial setup in this analysis13 .
COSEBIs are estimated by using trapezoidal integrations
over the measured 2PCFs (see Eq. 7). The 2PCFs are measured
using athena (Kilbinger et al. 2014) with 1, 200, 000 linear θ-
bins in the range of [0.5′, 300′]. The number of θ-bins needed to
12 bk_corrected
13 With the exception of the lower bound on ln(1010As). H19 used 1.7
instead of 1.5 that we use here.
get an unbiased estimate for COSEBIs has been investigated in
Asgari et al. (2017). The covariance of COSEBIs is calculated
analytically for the best fitting parameters of each dataset. The
shape noise contribution to the covariance matrix is estimated
using the number of galaxy pairs and the effective ellipticity dis-
persion estimated from the data. See Appendix A for further de-
tails.
3.1. KV450
The Kilo-Degree Survey (KiDS) (Kuijken et al. 2015, de Jong
et al. 2017) combined with VIKING (Edge et al. 2013) allow
for 9-band, ugriZYJHKs, photometric observations of galax-
ies that can be used for cosmic shear analyses (H19, Wright
et al. 2018). These photometric bands cover a wide range of
frequencies which improves the accuracy of the redshift esti-
mates and decrease the fraction of catastrophic outliers com-
pared to the more limited set of photometric bands used in Hilde-
brandt et al. (2017). The galaxies are first divided into five pho-
tometric redshift bins using bpz (Benítez 2000; Benítez et al.
2004): zphot ∈ (0.1, 0.3], zphot ∈ (0.3, 0.5], zphot ∈ (0.5, 0.7],
zphot ∈ (0.7, 0.9], and zphot ∈ (0.9, 1.2]. Then the redshift distri-
bution of galaxies in each bin is calibrated against spectroscopic
surveys. This spectroscopic sample crucially includes deep sur-
veys which are necessary to calibrate the faint galaxies at high
redshifts, which contribute strongly to the final signal. We follow
the calibration method used in Hildebrandt et al. (2017, "DIR").
The DIR method uses a k-nearest neighbour algorithm to assign
weights to galaxies in the spectroscopic sample, matching their
weighted distribution to the photometric sample used in the cos-
mic shear analysis (Lima et al. 2008). This method can recover
the true distribution of the galaxies as long as the full photomet-
ric sample is represented in the spectroscopic sample (Wright
et al. 2019).
Here we analyse the KV450 data, processed by theli (Erben
et al. 2013) and Astro-WISE (Begeman et al. 2013). Galaxy el-
lipticities are measured in the r-band with lensfit (Miller et al.
2013) and have been calibrated with image simulations (Kan-
nawadi et al. 2019), such that the multiplicative shear biases
are consistent with zero within their estimated dispersion of
σm = 0.02. COSEBIs are estimated from the angular range of
[0.5′, 300′] for KV450. The effective area associated with this
dataset is equal to 341.29 deg2, which we use to scale our covari-
ance matrix. We use the same free parameters and priors used in
the KV450 cosmic shear analysis of H19, with the exception of
the ‘constant c-term offset’ parameter, since COSEBIs are unaf-
fected by this c-term, thus reducing the total number of varied
parameters to 13 (see Table 1).
3.2. DES-Y1
We use the first year of public Dark Energy Survey data (DES-
Y1, Abbott et al. 2018)14 with additional masks applied to match
the cosmic shear analysis of T18. This results in an effective area
of 1321 deg2, with galaxies observed in four photometric bands
griz (see Morganson et al. 2018; Flaugher et al. 2015). The ellip-
ticties of galaxies are measured using two methods: im3shape and
metacalibration (Zuntz et al. 2014; Sheldon & Huff 2017; Zuntz
et al. 2018), with metacalibration resulting in a larger galaxy
sample which we use for our analysis.
DES galaxies are binned into 4 redshift bins: zphot ∈
(0.2, 0.43), zphot ∈ (0.43, 0.63), zphot ∈ (0.63, 0.9), zphot ∈
14 https://des.ncsa.illinois.edu/releases/y1a1
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(0.9, 1.3). The fiducial galaxy redshift distributions are measured
using bpz (Benítez 2000) and calibrated with "COSMOS-2015"
(Laigle et al. 2016). This calibration results in a shift to the mean
of the bpz redshift distributions through the prior on ∆zi as shown
in Table 1 (see Hoyle et al. 2018, for details).
For the DES data, we measure COSEBIs using the angu-
lar range of [0.5′, 250′] which is the full angular range shown
in T18. In Asgari & Heymans (2019), it was shown that the B-
modes of the metacalibration catalogue are consistent with zero
for [0.5′, 250′], demonstrating that there is no evidence for B-
mode producing systematics (e.g. PSF residuals) over this range.
Additionally, in Sect. 2.3 we compared ξ± and COSEBIs over a
similar angular range and showed that COSEBIs are less sen-
sitive to small physical scales and hence the effects of baryon
feedback. Consequently, there is no motivation to adopt the con-
servative approach of T18 and remove the small angular scales
in our analysis.
We explore three setups for the DES-Y1 analysis:
– T18 setup: We use the DES bpz redshift distributions and
the parameters and priors used in T18, resulting in 16 free
parameters, including four multiplicative bias parameters,
as listed in Table 1. For this setup we do not include the σm
error in the covariance (see Eq. A.11).
– H19 setup with DES bpz redshift distributions: Here we are
interested in quantifying the effect of parameter selection
and priors on the analysis. We therefore use the H19 setup
for this analysis, keeping the redshift distributions and priors
unchanged. This results in 11 free parameters, 2 less than
the KV450 case (Sect. 3.1), since DES-Y1 has one fewer
redshift bin (we use the DES priors on ∆zi) and we do not
include the 2D c-term (see Table 1). In this case we apply
the error on the multiplicative bias using Eq. (A.11) and
σm = 0.023. The mean mi = 0.012 correction is also taken
into account in the theoretical prediction.
– H19 setup with DIR calibrated redshift distributions: Using
9-band KiDS data, H19 found that using COSMOS-2015 to
calibrate photometric redshifts resulted in an underestima-
tion of the redshift distributions of the galaxies, in compari-
son to the distributions directly calibrated using 9-band spec-
troscopic data. Joudaki et al. (2019) apply the same direct
spectroscopic calibration technique (‘DIR’) to the 4-band
DES-Y1 data, utilising overlapping spectroscopic data from
zCOSMOS, VVDS (VIMOS VLT Deep Survey) 2h and 22h,
DEEP2-2h and CDFS (Chandra Deep Field South) (see H19
and the discussion in Joudaki et al. 2019 for details). The
DIR redshift distributions for DES-Y1 are shown in Joudaki
et al. (2019). The means of the redshift distributions with the
4-band DIR calibration are higher than the COSMOS-2015
calibrated bpz distributions. The parameters and priors match
the ‘H19 setup with bpz’ case and the only change here is
the redshift distributions and their priors: ∆z1 = 0 ± 0.008,
∆z1 = 0 ± 0.014, ∆z1 = 0 ± 0.011 and ∆z1 = 0 ± 0.009.
The uncertainties on the ∆zi are determined from a spatial
bootstrap resampling of the calibration sample.
3.3. Joint Analysis
Beside the individual analyses of DES-Y1 and KV450, we also
conduct a joint analysis assuming no correlations between the
two datasets, since there is no overlap between the DES-Y1 and
KV450 data on the sky.
Table 2. χ2 (second column) and p-values (fourth column) for the best
fitting parameters, given the degrees-of-freedom, DoF= number of data
points − number of free parameters (third column). The first column
shows which dataset is used, with joint corresponding to the combina-
tion of DES-Y1 and KV450. In the last column we show the marginal
maximum posterior value of S 8 = σ8(Ωm/0.3)0.5 for each case. Note
that the effective degrees-of-freedom is larger than the value shown here
due to correlations between the parameters and the existence of infor-
mative priors. All results correspond to analyses of COSEBIs E-modes
with the H19 setup and DIR redshifts.
χ2 DoF p-value S 8 ± 1σ
DES-Y1 57.8 50 − 11 0.03 0.755 ± 0.023
KV450 67.8 75 − 13 0.28 0.737+0.036−0.038
Joint 130 125 − 17 0.08 0.755+0.019−0.021
For the joint analysis, we employ the H19 setup and use DIR
calibrated redshifts for both datasets (see Table 1). All cosmo-
logical and astrophysical parameters are shared between the two
datasets, but their systematic parameters are allowed to vary indi-
vidually. These systematic parameters are the additive shifts for
the redshift distributions (five parameters for KV450 and four for
DES-Y1), as well as the 2D c-term amplitude for KV450. Note
that the uncertainty on the multiplicative bias parameters are ab-
sorbed into the covariance matrix for each survey (see Eq. A.11).
As we will see in Sect. 4 when using this setup there is excel-
lent agreement between the individual constraints of KV450 and
DES-Y1, allowing us to carry out the joint analysis. Joudaki
et al. (2019) also followed a similar setup for their joint analysis,
but kept the intrinsic alignment parameters separate. However,
they show that this choice does not affect the cosmological pa-
rameters significantly.
4. Results
Here we show results for our analysis of the KV450 and DES-Y1
data introduced in Sect. 3 with COSEBIs explained in Sect. 2.
Figs. 2 and 3 present the measured COSEBIs for KV450 (θ ∈
[0.5′, 300′]) and DES-Y1 (θ ∈ [0.5′, 250′]). The E-modes are
shown in the upper triangle while the B-modes can be seen in
the lower triangle. The first five COSEBI modes for each redshift
bin pair are used in the cosmological analysis and are also shown
here. The COSEBI modes are discrete and the first few modes
are sufficient to capture the full cosmological information (As-
gari et al. 2012)15. The red dashed curves show the predictions
for COSEBIs using the best fitting parameters deduced from the
analysis of each survey separately, while the purple solid curves
show the same but using the best fitting parameters from the joint
analysis. In both cases the analysis is performed using the H19
setup (see Table 1) and DIR spectroscopically calibrated redshift
distributions.
Using the first few B-modes may not be sufficient to assess
their significance for a survey, as some systematics affect E/B-
modes at different scales (Asgari et al. 2019). The B-mode anal-
ysis of the DES-Y1 data was presented in Asgari & Heymans
(2019), while the B-modes in KV450 were analysed in H19,
both showing insignificant levels of B-modes, which allows us
to safely use the data.
15 Including the first 10 modes in the current analysis yielded no signif-
icant improvements to the marginalised constraints on σ8 and Ωm.
Article number, page 6 of 15
M. Asgari et al.: KV450 and DES-Y1 with COSEBIs
2 4
n
0
20z-11
KV450
Joint
0
20 z-11
2 4
n
0
20z-12
0
20
B n
[1
0
10
ra
d2
]
z-12
2 4
n
0
20z-13
0
20 z-13
2 4
n
0
20z-14
0
20 z-14
2 4
n
0
20z-15
2 4
n
0
20 z-15
0
20z-22
z-22
0
20z-23
z-23
0
20z-24
z-24
0
20
E n
[1
0
10
ra
d2
]
z-25
2 4
n
z-25
0
20z-33
z-33
0
20z-34
z-34
0
20z-35
2 4
n
z-35
0
20z-44
z-44
0
20z-45
2 4
n
z-45
0
20z-55
2 4
n
z-55
2
B = 109.39, P-val=5.89e-03
[0.5',300'],  KV450
Fig. 2. COSEBIs measurements and their expected values for KV450. The E-modes are shown in the upper triangle and the B-modes in the
lower triangle. Each panel corresponds to a redshift bin pair as indicated in its corner. Theoretically expected values are shown for the best fitting
parameters for KV450 (red dashed) and its combination with DES-Y1 (solid purple). The COSEBI modes are discrete and the points are connected
to each other purely for visual purposes. The error on the B-modes is calculated assuming that the only contribution is shape noise, while for the
E-modes we take all Gaussian terms as well as the super sample covariance into account (see Appendix A). Neighbouring COSEBI modes are
correlated and the goodness-of-fit of the model cannot be established by eye (see Table 2).
Neighbouring COSEBI modes are strongly correlated, mak-
ing it difficult to assess the goodness-of-fit of the model by eye.
In the case of B-modes, there are no fitting parameters, such that
we can use the χ2 value with the number of data points as the
degrees-of-freedom to calculate a p-value which shows the prob-
ability to exceed the given χ2 value and evaluate the significance
of the B-modes. This however becomes more complicated for
the E-modes, where correlated parameters with informative pri-
ors are fitted to the data (see, for example, Handley & Lemos
2019). If we assume that the degrees-of-freedom of the analy-
sis is equal to the number of data points minus the number of
parameters, we arrive at the minimum value for the degrees-of-
freedom. This minimum value is valid for the case where no
informative priors are applied and all parameters are indepen-
dent. If the predictions provide a good fit to the data assuming
this minimum value for the degrees-of-freedom then it will also
be a good fit for the true number of degrees-of-freedom, which
is larger in general. With this assumption in mind we quantify
the goodness-of-fit of the best fitting models to each dataset
with p-values for the best fitting parameters given in Table 2.
The first column shows which dataset is analysed, the second,
third and fourth columns show the values of the χ2, the degrees-
of-freedom = number of data points − number of parameters,
and their corresponding p-values, respectively. The final column
shows the marginal maximum posterior value for S 8 including
its 1σ errors. We see that all p-values are above 0.01 ≈ 2.3σ,
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Fig. 3. COSEBIs measurements and their expected values for DES-Y1. Similar to Fig. 2, E and B-modes are shown on the upper and lower
triangles, respectively. The redshift bin is indicated in the corner of each panel. Theoretically expected values for the best fitting parameters using
DES-Y1 (red dashed) and the joint analysis with KV450 (solid purple) are shown as curves, although COSEBI modes are discrete. Both theoretical
models fit the data well (see Table 2).
showing that the model is a good fit to the data in all cases
(p = 0.03 corresponds to 1.88σ). Note that these are lower
bounds on the p-values and we expect them to be larger than
this since the effective number of parameters in our analysis is
considerably smaller than the number of free parameters. Com-
paring the S 8 values in the last column, we see that they are in
good agreement within their associated errors. The internal con-
sistency of the data can be tested in a Bayesian framework using
the methods in Köhlinger et al. (2019), applied to KV450 in H19
showing no inconsistencies in the data.
Fig. 4 shows the DES-Y1 contour plots for S 8 and Ωm
with the Planck Legacy results shown in red (TT,TE,EE+lowE,
Planck Collaboration et al. 2018)16. Here we show the analysis
of DES-Y1 data using the three setups introduced in Sect. 3.2.
The grey dashed contours show the result from the cosmic shear
16 The chains are plotted with ChainConsumer Hinton (2016): sam-
reay.github.io/ChainConsumer
analysis of T18, which used ξ± with different scale-cuts for each
pair of redshift bins, to primarily avoid the effects of baryon
feedback. The magenta contours show our analysis of DES-Y1
data with the same setup as T18, but using COSEBIs over the
full angular range of [0.5′, 250′]. The cyan contours show the ef-
fect of moving from the T18 setup to H19, retaining the DES bpz
redshift distribution. Finally the orange contours show the effect
of using the DIR calibrated redshift distributions with the H19
setup.
Since we use a larger angular range, we obtain more informa-
tion from the DES-Y1 data compared to T18. For the T18 setup,
the COSEBIs confidence regions in the S 8 − Ωm plane are 20%
smaller than the T18 analysis, with S 8 = 0.779+0.018−0.038. The long
tail towards smaller S 8 values (Fig. 3) is introduced by a ten-
dency towards small values of the intrinsic alignment parameter,
AIA. There are indications for this tendency in the correlation
function analysis as well. Moving to the H19 setup results in an
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Fig. 4. Constraints on S 8 and Ωm. DES-Y1 analysis results with COSE-
BIs using the T18 setup (magenta), the H19 setup with bpz redshift dis-
tributions (cyan) and the H19 setup with DIR calibrated redshift distri-
butions (orange). The grey contours belong to the fiducial analysis in
Troxel et al. (2018b) and the red contours show Planck Legacy results
(TT,TE,EE+lowE).
increased S 8 value of 0.784+0.025−0.024, which is primarily due to the
change in the modelling of the non-linear matter power spec-
trum (Takahashi et al. 2012 used in T18 and Mead et al. 2015
with baryon feedback used in H19) and fixing Ων. We also see
that going from the bpz redshift distributions to DIR redshift dis-
tributions results in a ∼ 1.2σ shift to smaller values, increasing
the difference between Planck and DES-Y1 in agreement with
the analysis of Joudaki et al. (2019). We find S 8 = 0.755±0.023
for the orange contours which is 17% tighter than the T18 con-
straints.
This increased statistical power may at first seem contradic-
tory. We argue that COSEBIs are insensitive to small physical
scales and we may therefore wrongly conclude that the addition
of small angular scales would not affect the COSEBIs measure-
ment. In Fig. 1 we see that the 2PCFs for small angular scales
still carry information from Fourier scales that COSEBIs are sen-
sitive to. Including these θ-scales, therefore, impact the COSE-
BIs signal. In addition the inclusion of the smaller θ-scales in-
creases the number of galaxy pairs, decreasing the shot-noise for
the measured COSEBIs signal.
Fig. 5 shows the COSEBIs contours for the KV450 analysis
in green and the DES-Y1 analysis in orange (same as the orange
contours in Fig. 4). We also show the results of the joint anal-
ysis of these datasets in pink (see Sect. 3.3). All three analyses
have adopted the H19 setup and DIR calibrated redshift distribu-
tions. The left panel shows the constraints in the σ8-Ωm plane,
while the right panel presents the results for S 8 and Ωm. The
differences between the KV450 contours shown in H19 and the
green contours here are negligible, 3% tighter constraints with
COSEBIs with the same best fit value for S 8. We therefore do
not over-plot the ξ± analysis results for KV450.
In Fig. 5 we can see that the 2σ contours of the joint COSE-
BIs analysis and Planck chains do not touch. The joint cosmic
shear constraint on S 8 is 0.755+0.019−0.021 which is in 3.2σ tension
with Planck given a flat ΛCDM model. We remind the reader
that DES-Y1 contours here are tighter than the T18 constraints,
since we use a wider angular range in our COSEBIs analysis (see
Table 2 for the constraints on S 8).
We have so far only quantified the tension between our cos-
mic shear analysis and Planck for S 8. In Appendix B we show
constraints on the sampled cosmological and astrophysical pa-
rameters for our fiducial cosmic shear analysis and conclude that
there is no tension with other cosmological results when we con-
sider the marginal posterior distributions for the rest of the pa-
rameters. Differences between the results of cosmological anal-
ysis can also be quantified in the full parameter space sometimes
resulting in a more significant tension (Charnock et al. 2017;
Raveri & Hu 2019). Since the constraints on Ωmand σ8, in par-
ticular, are prior dependant we do not attempt to quantify the
tension in the full parameter plane.
4.1. Impact of baryons
In various parts of this paper we have mentioned the reduced im-
pact of baryon feedback on the COSEBIs signal in comparison
to the 2PCFs. Here we summarise and elaborate upon the key
points.
In Fig. 1 we showed that for a high baryon feedback case
the COSEBIs signals are affected by only 3%, while the signal
for ξ+(ξ−) are reduced by up to 30%(55%) over the same an-
gular range. The high baryon feedback case that we considered
(Abar = 1) has been excluded by observations (see for example
Chisari et al. 2018, and references therein). Currently the largest
realistic feedback is believed to match the OWLS hydrodynami-
cal simulations. The closest feedback parameter that corresponds
to this simulation is 2.1 . Abar . 2.5. As a result H19 set the
minimum value of their baryon feedback parameter to Abar = 2
which corresponds to the medium feedback case in Fig. 1.
T18 used the sensitivity of the signal to set a criteria for the θ-
scales to exclude. A more informative criteria is to look at the im-
pact of baryon feedback on the signal-to-noise ∆ν ≡ |Signal(DM-
only)-Signal(with Feedback)|/Error. In terms of signal-to-noise for
the medium feedback case, COSEBIs are affected by a maxi-
mum of ∆ν = 12%, while ξ± are affected by up to ∆ν = 46%
on the angular range of [0.5′, 300′]. When using the angular
cuts employed in T18, the maximum impact of baryon feed-
back decreases for ξ± to ∆ν = 18%. T18 demonstrated that even
with their conservative angular cuts on the data, the inclusion
of baryon feedback according to OWLS AGN simulations shifts
their value of S 8 higher by 0.6σ compared to their fiducial dark
matter only case. Repeating their fixed OWLS-like analysis with
COSEBIs we find a similar result of a 0.7σ shift in S 8 values.
Our fiducial case where we allow the baryon feedback param-
eter to vary, increases S 8 by 0.4σ compared to the dark matter
only case. In conclusion, we have shown that using COSEBIs
allows us to include smaller angular scales, while retaining the
same level of insensitivity to baryon feedback as was imposed
by T18 on their 2PCFs. Nevertheless, we marginalise over the
baryon feedback parameter in our fiducial analysis, since even
though its impact on the signal is small, it has an important ef-
fect on the constrained parameters.
We do not see the same information gain comparing our
COSEBIs analysis to the H19 results. The angular range used
in H19, considering the combination of ξ±, is the same as the
angular range we use here with COSEBIs. In the absence of
baryon feedback, if both ξ± are defined on the same angular
range as COSEBIs, their combination will have more cosmolog-
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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints onσ8 and Ωm are shown in the
left panel, while the right panel shows results for S 8 = σ8(Ωm/0.3)0.5 and Ωm. KV450 constraints for S 8 = 0.737+0.036−0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019−0.021 which is in 3.2σ tension with the Planck constraints S 8 = 0.834 ± 0.016.
ical information. Using HMCode to marginalise over the effect
of baryon feedback, however, results in effectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ξ±.
5. Conclusions
In this paper we presented cosmic shear constraints on S 8 =
σ8(Ωm/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less affected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ξ±. In addition, COSEBIs, much like ξ−, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.5′, 250′]
and [0.5′, 300′] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.5′, 300′], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.
For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with
DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
sufficiently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the effect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018−0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025−0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on Ωm and σ8 are affected by the
choice of priors, which is an interesting topic to be investigated
in the future.
Our joint analysis of DES-Y1 and KV450, assuming flat
ΛCDM, results in S 8 = 0.755+0.019−0.021 which is in 3.2σ tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ξ±, S 8 = 0.762+0.025−0.024 which is in good
agreement with our analysis (2.5σ discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3σ tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the differences between
our results. In particular, the COSEBIs analysis of DES-Y1 data
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shows a stronger preference for smaller values of Ωm compared
to the 2PCFs analysis of Joudaki et al. (2019).
Planck data are mostly sensitive to early Universe physics,
while our cosmic shear analyses probe much lower redshifts
(z . 1.5). It should be noted that cosmic shear is not the only
probe that is in tension with Planck results. In fact, currently
the largest deviation from Planck results are the H0 measure-
ment of Riess et al. (2019) showing a 4.4σ discrepancy (see also
Wong et al. 2019, for constraints from strong gravitational lens-
ing). There is a large gap between the epoch of recombination
and the large scale structures probed by gravitational lensing and
the local expansion rate resulting in the measurement of H0. The
precision of more local probes is increasing, with current cosmic
shear surveys gathering more data as this paper is being written.
As the volume of the data increases the uncertainty on the pa-
rameters will decrease. We, therefore, need to make sure that the
analysis is truly robust.
COSEBIs provide reliable statistics for cosmic shear analysis
as well as a consistent method for analysing its B-modes, which
can point us to systematics in the data. COSEBIs are fairly in-
sensitive to the effect of baryon feedback as they filter out infor-
mation from small physical scales, allowing for a cosmic shear
analysis that is not affected by complicated baryonic physics.
The COSEBIs pipeline, integrated with CosmoSIS, is publicly
available upon request17.
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Appendix A: Covariance of COSEBIs
The covariance of COSEBIs can be written in terms of the sum
of four terms,
C = SSC + shape noise + cosmic variance + mixed , (A.1)
with SSC standing for the super sample covariance which cou-
ples the variance of the field within and beyond the survey with
each other through disconnected triaspectra and four point func-
tions (see Takada & Hu 2013). The shape noise term captures
the effect of the intrinsic ellipticity dispersion on the measure-
ments. The cosmic variance term includes a Gaussian and a non-
Gaussian term. The Gaussian term encapsulates the covariance
associated with a Gaussian shear field, while the non-Gaussian
cosmic variance describes any departure from Gaussianity in the
shear field resulting in extra information in higher order statis-
tics. Here the relevant terms include the connected convergence
trispectra. As Barreira et al. (2018) have shown, in most realis-
tic scenarios, these non-Gaussian components are negligible and
therefore we only include the Gaussian term in the calculation of
the cosmic variance of COSEBIs. The mixed term corresponds
to the cross-correlation between the noise and the Gaussian com-
ponent of the cosmic variance.
We can derive the covariance matrix of COSEBIs from their
relation to the convergence power spectra (Eq. 8) or 2PCFs
(Eq. 7). Schneider et al. (2002a) derive the Gaussian covariance
for 2PCFs for a general case where they take into account the
weights associated with each galaxy, the survey geometry and
also the exact number of galaxy pairs. This calculation requires
estimating two, three and four-point functions of the galaxy
weights for the noise, mixed and cosmic variance terms, respec-
tively. We therefore use the approach in Schneider et al. (2002a)
and the COSEBIs relation to 2PCFs for the noise term, but fol-
low the approximation in Joachimi et al. (2008) and the COSE-
BIs relation to power spectra for the cosmic variance and mixed
terms. The covariance in Joachimi et al. (2008) is valid when all
angular scales used in the analysis are well within the boundaries
of the survey.
The noise term for 2PCFs can be written as,
Ci j,kl(noise)±± (θ, ϑ) = 〈∆ξi j,noise± (θ) ∆ξkl,noise± (ϑ)〉 (A.2)
=
σ2,i σ
2
, j
2N i jpair(θ)
δθϑ[δikδ jl + δilδ jk] ,
Ci j,kl(noise)∓± (θ, ϑ) = 〈∆ξi j,noise± (θ) ∆ξkl,noise∓ (ϑ)〉 = 0 ,
whereCi j,klµν (θ, ϑ) is the covariance of 2PCFs for redshift bin pairs
i j and kl with µ and ν equal to either + or −. The weighted num-
ber of galaxy pairs, Npair(θ), can be accurately estimated using
the measured number of galaxy pairs in each θ-bin,
N i jpair(θ) =
(
∑
ab wiaw
j
b)
2∑
ab(wia)2(w
j
b)
2
, (A.3)
where the sum goes over all galaxies whose separation θ falls
within the defined angular bin. In Eq. (A.2) δi j is the Kronecker
delta and σ,i is the dispersion of the measured galaxy elliptici-
ties in redshift bin i,
σ2 =
∑
w221∑
w2(1 + m)2
−
( ∑
w1∑
w(1 + m)
)2
(A.4)
+
∑
w222∑
w2(1 + m)2
−
( ∑
w2∑
w(1 + m)
)2
,
where the sum goes over all galaxies in the defined bin and 1,2
are the components of ellipticity. Here we have corrected the el-
lipticity dispersion using a multiplicative bias (response in the
case of metacalibration, R = 1 + m), because this term is esti-
mated from the data given biased ellipticity measurements and
therefore needs to be calibrated similar to the 2PCFs measure-
ment of Eq. (2). Note that the quantity usually quoted as σ is
the ellipticity dispersion per component of ellipticity and there-
fore corresponds to 1/
√
2 of σ as defined in Eq. (A.4).
The noise term for the covariance of COSEBIs can be calcu-
lated using its relation with the covariance of 2PCFs,
Ci j,klmn =
1
4
∫ θmax
θmin
dθ θ
∫ θmax
θmin
dϑϑ (A.5)
×
∑
µν=+,−
Tµm(θ)Tνn(ϑ) C
i j,kl
µν (θ, ϑ) .
Inserting for Ci j,klµν (θ, ϑ) from Eq. (A.2) to Eq. (A.5), we derive,
Ci j,klmn =
σ2,iσ
2
, j
8
[δikδ jl + δilδ jk]
∫ θmax
θmin
dθ θ2
ni jpair(θ)
(A.6)
× [T+m(θ)T+n(θ) + T−m(θ)T−n(θ)] ,
where ni jpair(θ) dθ = N
i j
pair(θ) in the discrete case (see Asgari et al.
2019).
The COSEBIs covariance can also be written in terms of the
covariance of the E or B-mode power spectra, Ci j,klX (`, `
′),
Ci j,klX(mn) ≡ 〈Xi jmXkln 〉 − 〈Xi jm〉〈Xkln 〉
=
∫ ∞
0
d` `
2pi
∫ ∞
0
d`′ `′
2pi
Wm(`)Wn(`′) C
i j,kl
X (`, `
′) , (A.7)
where X stands for either E or B-mode COSEBIs or power spec-
tra. The Gaussian part of the covariance of power spectra is
given in Joachimi et al. (2008) and is diagonal, which simpli-
fies Eq. (A.7) to
Ci j,klX(mn) =
1
2piA
∫ ∞
0
d` `Wm(`)Wn(`) (A.8)
×
(
P¯ikX(`)P¯
jl
X(`) + P¯
il
X(`)P¯
jk
X (`)
)
.
where,
P¯ikX(`) := P
ik
X(`) + δik
σ2,i
2n¯i
, (A.9)
A is the effective area of the survey and n¯i is the effective number
density of galaxies in redshift bin i which can be calculated with
n¯i =
1
A
(
∑
a wa)2∑
a(wa)2
, (A.10)
where the sums go over all galaxies within the redshift bin (Hey-
mans et al. 2012).
To calculate the covariance of COSEBIs we use Eq. (A.8) for
the Gaussian component of the cosmic variance and the mixed
term. We remove the terms that only depend on shape noise from
Eq. (A.8) and instead use Eq. (A.6) for the noise only terms.
The super sample term is included by integrating over the su-
per sample covariance of the convergence power spectrum using
Eq. (A.7).
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In addition to these terms, the uncertainty in the multiplica-
tive shear bias, m, in Eq. (2) can be absorbed in the covariance
matrix through its expected dispersion, σm. This additional co-
variance term is
Ci j,kl(m−bias)nm = 4σ2mE
i j
n Eklm . (A.11)
The value of σm can be estimated using image simulations and
can in principle depend on the redshift bin (Hildebrandt et al.
2017). Alternatively, m can be set as a free parameter in the anal-
ysis with a Gaussian prior with a variance of σ2m as was done
in Troxel et al. (2018b). These two approaches are equivalent,
however, including the σm through the covariance decreases the
number of parameters that need to be sampled and therefore is
our preferred approach. In our analysis of the DES-Y1 data we
keep the covariance matrix constant over the different setups and
only include the σm term when m-bias is not allowed to be a free
parameters in the analysis.
Appendix B: Constraints on the sampled
parameters
Fig. B.1 shows the constraint on the cosmological and astro-
physical parameters obtained from KV450, DES-Y1 and their
joint analysis. We use the H19 setup in Table 1 and DIR cali-
brated redshift distributions for all three cases. Here we see that
our joint analysis can put meaningful constraints on not only
ln(1010As) and ΩCDMh2, but also on ns and AIA. Our ns values are
fully consistent with Planck Collaboration et al. (2018) results.
In addition, our joint constraints on AIA = 0.05+0.40−0.44, are consis-
tent with the direct measurements of Johnston et al. (2019), who
reported AIA = 1.06+0.47−0.46 with a 1.6σ difference. Here we have
used a joint model with a single free parameter for the intrin-
sic alignment of galaxies. The effect of using separate parame-
ters for each survey, as well as assuming redshift evolution for
the intrinsic alignment signal has been explored in Joudaki et al.
(2019), where they find that these alternatives have little impact
on the cosmological constraints.
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Fig. B.1. Constraints on cosmological parameters: ΩCDMh2, Ωbh2, h, ns, ln(1010As) and astrophysical parameters: Abar and AIA. Joint constraints
are shown in pink, KV450 results in green and DES-Y1 in orange (see Table 1).
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